Introduction
============

Hereditary disease mutations modify genes in a manner that is harmful to the organism. The magnitudes of the effects of disease-causing germline mutations need to be sufficiently high to cause a phenotype (disease). Fitting with this, it has been demonstrated that disease genes tend to be more "important" than genes that have not been shown to be involved in genetic disorders ([@evw110-B6]; [@evw110-B7]). Gene importance can be considered from two angles: Centrality, which can be defined as the extent to which the function of the gene is central to the organism, and which can be measured by such parameters as how many protein--protein interactions (PPIs) a gene has and/or in how many tissues it is expressed. It is reasonable to predict that mutations to more central genes will be more likely to lead to stronger phenotypic effects.Constraint, which can be defined as how much a gene is limited by natural selection in its evolution. More "important" genes from the perspective of constraint will tend to be more conserved and have lower levels of functional variation, as measured by such estimates as the ratio of rates of non-synonymous and synonymous substitutions (d*N*/d*S*) ([@evw110-B21]; [@evw110-B9]). It is likely that genes in which mutations cause stronger phenotypic effects will be more constrained in evolution, as such strong phenotypic effects will most often be deleterious.

The levels of constraint and centrality of genes are presumably often correlated, as more functionally central genes are likely to also often be more constrained. However, this correlation is probably not perfect. Some genes that are more central will tend to be less constrained than others.

Disease genes were shown to have a higher number of PPIs than non-disease genes ([@evw110-B7]), implying higher functional centrality, and were also shown to be more conserved ([@evw110-B6]), implying higher constraint. At the same time, since mutations leading to hereditary diseases cannot harm the individual carrying them to the point that it will not survive to birth, there may be a limit on the genes in which such mutations may occur. In other words, one may hypothesize that hereditary disease genes, while more central and constrained than the average gene, will not tend to be the most central and constrained genes.

Cancer is often a somatic disease, meaning many of the genes modified to enable the initiation and progression of cancer are not modified in a hereditary manner that affects the entire organism. Rather, they are modified somatically in a manner that affects only the cells in which the modification occurs and their decedents. Somatic alterations within tumors were shown to be subject to less stringent constraint, compared with germline alterations ([@evw110-B19], [@evw110-B20]; [@evw110-B23]). This implies that cancer may be allowed to somatically modify genes that tend to be more constrained in evolution, compared with other genetic hereditary disorders that are determined by germline mutations.

Additionally, cancer is a disease of extremely basic functions, such as cellular proliferation, differentiation, and maintenance of chromosomal integrity (reviewed in [@evw110-B13], [@evw110-B14]). The genes that are modified via driver mutations within cancer cells are often highly central genes which are involved in housekeeping functions such as replication timing, maintenance of DNA integrity, and apoptosis. It is, therefore, plausible that genes involved in cancer would tend to be central. Indeed, it has been shown that cancer genes tend to have more PPIs than genes that have not been associated with cancer ([@evw110-B26]) and that they tend to more often be globally expressed across all human tissues ([@evw110-B23]). However, no comparison was made to date between cancer genes and genes involved in other diseases to examine whether cancer genes tend to be more central than genes contributing to non-cancer hereditary diseases.

Here, we show that cancer genes tend to be both more constrained and more conserved, not only when compared with non-disease genes but also when compared with genes that are involved in non-cancer hereditary diseases. We further provide evidence that the reason cancer can affect genes that are more constrained in evolution is the largely somatic nature of the cancer disease. Our results suggest that it is the somatic nature of cancer that allows cancer to be a disease of the most basic of cellular functions

Materials and Methods
=====================

A list of the genes currently known to be associated with cancer was downloaded from the Catalogue of Somatic Mutations in Cancer (COSMIC) on June, 2015 ([@evw110-B11]). Cancer genes were classified as hereditary if COSMIC contained information of germline cancer mutations occurring within them (irrespective of whether they were also known to contain somatic cancer mutations). Cancer genes were classified as somatic only if no known cancer germline mutations were indicated for them.

The COSMIC database cancer gene census is broadly considered the gold standard of cancer gene datasets. It is a manually curated dataset that collects genes that were shown to be somatically mutated within tumors, more often than expected by chance ([@evw110-B12]; [@evw110-B10]). While the manual curation of this dataset provides clear advantages, it can also contribute to an ascertainment bias for our study. It is possible that the curators will be more likely to include genes that are more functionally central in the dataset (although it is important to note that according to the COSMIC annotation no curation was intentionally performed based on any aspect of functional importance, [@evw110-B12]; [@evw110-B10]). Such a curation bias would be impossible for us to control for. We, therefore, decided to use, in addition to the COSMIC dataset, three additional cancer gene datasets extracted from [@evw110-B16], [@evw110-B17], and Vogelstein et al. (2013). These datasets again collect genes that were identified solely based on their patterns of somatic mutation within tumors, and were not manually curated according to any parameter of functional centrality or germline constraint.

Data on disease-causing mutations were downloaded from the Online Mendelian Inheritance in Man (OMIM) database ([@evw110-B1]) website on December, 2014. We downloaded the OMIM Morbid Map dataset, which has a list of diseases followed by single gene associations from published studies. We considered only genes annotated as "disease" but not as "susceptibility" or as "nondisease" in the OMIM Morbid Map. We removed from consideration all cancer genes annotated within OMIM (that were not annotated as cancer genes within COSMIC and that were, therefore, not included in the cancer gene groups), as well as all genes involved in non-cancer somatic diseases, by filtering out genes annotated as "cancer" or as "somatic".

The resulting data contain 487 known cancer somatic genes, 79 known cancer hereditary genes, 2,750 known non-cancer disease hereditary genes and 18,620 other genes (47 genes were removed from consideration entirely as they were classified as cancer genes according to OMIM but not according to COSMIC, or because they were involved in somatic diseases other than cancer).

Conservation scores for each gene were generated by the program phyloP (phylogenetic *P* values) ([@evw110-B25]). The phyloP score is based on a 46-way alignment of placental genomes. We considered the average of phyloP position scores for each gene.

Data of d*N*/d*S* human--mouse per-gene ortholog values were downloaded from the Ensembl biomart ([@evw110-B8]).

In order to parse the different datasets, gene name conversion tables were extracted from the Ensembl biomart ([@evw110-B8]) and ANNOVAR ([@evw110-B29]). Gene expression data were extracted as described in TissueNet ([@evw110-B3]). Data on protein--protein interaction were downloaded from the MyProteinNet site ([@evw110-B4]). Data were combined into a database written in an adaptation of Simple Query Language (SQL) using the sqlite3 Python module.

Statistical tests were performed using in-house scripts and the statistical functions (stats) module of the python-based open-source software---SciPy ([@evw110-B15]).

Results
=======

Cancer Genes Are More Constrained than Hereditary Disease Genes
---------------------------------------------------------------

We classified all human genes into those in which somatic mutations were previously associated with cancer (referred to as "cancer genes"), those that were shown to be involved in hereditary non-cancer diseases, and all other genes (Materials and Methods section). Classifications of cancer genes were carried out either based on the COSMIC database ([@evw110-B11]) or based on three additional cancer gene datasets ([@evw110-B16]; [@evw110-B28]; [@evw110-B17]). For each gene, we calculated two measures of constraint. The measures of constraint that we quantified were degree of conservation in 46 placental vertebrates, and the ratio of the rates of non-synonymous and synonymous substitutions (d*N*/d*S*) between human and mouse (Materials and Methods section).

As expected from previous results ([@evw110-B6]), hereditary non-cancer disease genes were found to score as more constrained, using both measures, when compared with genes that were not previously associated with diseases or cancer (*P* ≤ 0.0001 for both comparisons using a two-tailed Mann--Whitney test, [fig. 1](#evw110-F1){ref-type="fig"}). At the same time, cancer genes scored as significantly more constrained than hereditary non-cancer disease genes, according to both measures (*P* ≪ 0.0001 for all comparisons). Similar results were obtained when using the COSMIC dataset to classify cancer genes (*P* ≪ 0.0001, [fig. 1](#evw110-F1){ref-type="fig"}), or when using the additional three datasets (*P* ≪ 0.0001, [supplementary fig. S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw110/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw110/-/DC1) online). F[ig]{.smallcaps}. 1.---Cancer genes tend to be more constrained than non-cancer genetic disease genes. Non-cancer disease genes are in turn more constrained than genes that are not known to be involved in any diseases. For each of the two measures of constraint (conservation and human--mouse dN/dS), genes were binned into 10 equally populated bins (deciles) using all analyzed genes. This means that when one considers all analyzed genes (irrespective of their grouping) the first decile contains the 10% of genes that score as least constrained according to that measure, while the tenth decile contains the most constrained 10% of genes. We depict for each gene group (cancer vs. hereditary disease vs. other) the distribution of numbers of genes falling within each decile. Annotation of cancer genes was taken from the COSMIC database ([@evw110-B11]).

Cancer Genes Are More Functionally Central than non-Cancer Hereditary Disease Genes
-----------------------------------------------------------------------------------

One possible explanation for the increased constraint on cancer genes relative non-cancer disease genes may be that cancer is a disease of more central functions. To test this hypothesis, we examined whether cancer genes tend to display higher functional centrality than non-cancer hereditary disease genes. Two measures of functional centrality were considered: the number of protein--protein interactions (PPIs) a gene has and the number of tissues a gene is expressed in (out of 16 examined tissues). Data were extracted from [@evw110-B3]. We found that cancer genes tend to be expressed in a higher number of tissues and have more PPIs than non-cancer hereditary disease genes (*P*≪ 0.0001, for all comparisons, [fig. 2](#evw110-F2){ref-type="fig"}, when using COSMIC; [supplementary fig. S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw110/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw110/-/DC1) online, when using the additional cancer gene datasets). F[ig]{.smallcaps}. 2.---Cancer genes tend to be more functionally central than non-cancer genetic disease genes. Non-cancer disease genes are in turn more functionally central than genes that are not known to be involved in any diseases. For the tissue-expression centrality measure, genes were binned according to the number of tissues in which they were found to be expressed (out of 16 examined tissues). For the protein--protein interaction (PPI) measure, genes were binned into 10 equally populated bins (deciles) using all analyzed genes. This means that when one considers all analyzed genes (irrespective of their grouping) the first decile contains the 10% of genes that have the lowest number of PPIs, while the tenth decile contains the 10% of genes with the highest number of PPIs. We depict for each gene group (cancer vs. hereditary disease vs. other) the distribution of numbers of genes falling within each bin. Annotation of cancer genes was taken from the COSMIC database ([@evw110-B11]).

Hereditary Cancer Genes Are as, or Even More, Central than Somatic Cancer Genes, Yet They Are Significantly Less Constrained in Evolution
-----------------------------------------------------------------------------------------------------------------------------------------

Our results so far demonstrate that cancer genes tend to be both more functionally central and more constrained than non-cancer hereditary disease genes. It is possible that the increased functional centrality of cancer genes is what drives their increased constraint, and that the somatic nature of cancer does not play a role. In order to examine whether the somatic nature of cancer also plays a role in explaining the increased constraint observed on cancer genes, we compared levels of functional centrality and constraint between somatic and hereditary cancer genes. Somatic cancer genes were defined as genes in which only somatic mutations were shown to contribute to cancer. In contrast, hereditary cancer genes are those genes that were also shown to sometimes harbor hereditary mutations contributing to cancer.

If the somatic nature of cancer contributes to the increased constraint observed on cancer genes, we would expect higher constraint on somatic compared with hereditary cancer genes. At the same time, we could think of no reason to expect that somatic cancer genes will be more functionally central than hereditary cancer genes, as both are likely involved in the same type of central functions. Fitting with these expectations, we found that levels of constraint were significantly lower in the hereditary cancer genes (*P* ≤ 0.0012 for both measures according to a two-tailed Mann--Whitney test, [fig. 3](#evw110-F3){ref-type="fig"}). At the same time, levels of constraint were not significantly different between the hereditary cancer genes and the non-cancer hereditary disease gene (*P* ≫ 0.05 for both comparisons, [fig. 3](#evw110-F3){ref-type="fig"}). In contrast, also fitting our expectations, functional centrality was not found to be lower in the hereditary, compared to the somatic cancer genes. Specifically, hereditary and somatic cancer genes do not significantly differ with regard to the number of tissues in which they are expressed (*P* = 0.31, [fig. 3](#evw110-F3){ref-type="fig"}). When it comes to PPIs, hereditary cancer genes tend to have an even higher number of interactions than somatic cancer genes (*P* = 0.0008, [fig. 3](#evw110-F3){ref-type="fig"}). F[ig]{.smallcaps}. 3.---Somatic cancer genes are more constrained than both cancer and non-cancer hereditary disease genes. Hereditary cancer genes are as functionally central as somatic cancer genes but are only as constrained as other hereditary disease genes. Average values of each centrality/constraint measure are given for each gene group (somatic cancer genes vs. hereditary cancer genes vs. hereditary disease genes vs. all remaining genes). Different shades indicate that differences between values are significant (*P* ≪ 0.05 according to a two-tailed Mann--Whiney test). Darker shading indicates higher centrality/constraint.

We can, therefore, conclude that when it comes to constraint, hereditary cancer genes behave more like other, non-cancer hereditary disease genes and are less constrained in evolution than somatic cancer genes. However, when it comes to measures of functional centrality, hereditary and somatic cancer genes are both significantly more functionally central than non-cancer hereditary disease genes (*P* ≪ 0.0001, [fig. 3](#evw110-F3){ref-type="fig"}).

Discussion
==========

Our results show that both somatic and hereditary cancer genes tend to be more functionally central than other hereditary disease genes (i.e., they tend to have higher numbers of PPIs and be expressed in more tissues). The observed higher functional centrality of cancer genes likely stems from the special nature of cancer as a disease of the most central gene pathways. At the same time, only those cancer genes that can only be modified somatically are also more evolutionarily constrained, when compared with non-cancer hereditary disease genes (as reflected by their levels of conservation in placental mammals and their patterns of sequence divergence between human and mouse). In contrast, the hereditary cancer genes are only as evolutionarily constrained, as other hereditary (non-cancer) disease genes. This demonstrates that it is the largely somatic nature of the cancer disease (i.e., the fact that most genes involved in cancer are only modified somatically and not in a hereditary manner) that allows cancer to modify genes that are more constrained in evolution.

Why would genes that are highly constrained in organismal evolution be more amenable to somatic compared with hereditary (germline) modification? Genes that are highly constrained in organismal evolution are, per definition, not very amenable to germline modification, due to strong purifying selection applied on germline mutations occurring within such genes. However, it has previously been demonstrated that the effect of purifying selection on somatic mutations within tumors is relaxed relative to what is observed in organismal evolution ([@evw110-B19], [@evw110-B20]; [@evw110-B23]). Such relaxation in selection is thought to be due to a combination of factors, including prevalent hitchhiking, small effective population sizes of stem cell pools, and the fact that somatic mutations affect only a small subset of cells while germline substitutions affect the entire organism ([@evw110-B19]; [@evw110-B23]). Our observation that somatic cancer genes are significantly more constrained in organismal evolution compared with hereditary disease and cancer genes is likely explained by the relaxed purifying selection on tumor somatic substitutions. Thus, it appears that the highly somatic nature of cancer allows it to modify genes that are constrained enough as to not be readily accessible to hereditary diseases. This in turn implies that it may be the somatic nature of cancer that allows it to affect the very basic functions that constitute the "hallmarks of cancer" ([@evw110-B13], [@evw110-B14]). After all, genes involved in such functions will often be highly constrained in evolution. In other words, our results imply that a disorder such as cancer that affects functions that are so very basic and important may only be allowed to occur somatically.

We show that hereditary cancer genes tend to be more functionally central, yet no more constrained than genes involved in non-cancer hereditary diseases. This demonstrates the existence of a group of genes that are, on one hand, extremely functionally central, and in which, mutations can alter the most basic cellular functions in a manner that leads to cancer, but that are nevertheless not all that constrained in organismal evolution. A good example of such a gene is *TP53*, a major regulator of cell division that has long been considered to be one of the most important cancer genes, involved in almost all types of tumors ([@evw110-B18]). Both somatic and hereditary modifications to TP53 can contribute to cancer ([@evw110-B24]). Fitting its important role, the *TP53* gene scores among the highest when it comes to measures of functional centrality; it has hundreds of PPIs and is expressed across all examined human tissues. In contrast, it scores quite low when it comes to measures of constraint; it is not that well conserved among placental animals and seems to tolerate a relatively high proportion of functional variation in human--mouse comparisons.

The relative high proportion of functional variation of the extremely central *TP53* gene may be partially explained by the existence of intrinsically disordered domains within its protein structure ([@evw110-B30]). These domains tend to be more diverged among species than the more conserved "ordered" parts of *TP53* ([@evw110-B31]). The presence of such domains is thought to be important for allowing disordered proteins such as *TP53* to interact with large numbers of other proteins ([@evw110-B2]). Thus, it is possible that the function of *TP53* requires that it be relatively vulnerable to alterations. The existence of disordered regions may explain why the *TP53* gene would appear to be relatively unconstrained, despite its central role.

At the same time, it is also possible that some hereditary substitutions may be allowed to persist within *TP53* because they are actually under positive selection. For example, it has been suggested that a polymorphism found in codon 72 of *TP53* may be subject to balancing selection ([@evw110-B5]), allowing it to persist within humans despite its potential role in cancer ([@evw110-B27]). While this suggestion was later put into question ([@evw110-B22]), it nevertheless raises an interesting possibility that some cancer-related human polymorphisms may be maintained within the human population by positive selection. A selection trade-off by which a germline substitution in a cancer gene is advantageous early on in embryonic development or prior to the age of cancer onset, yet increases the chance of acquiring cancer later on, could lead to certain hereditary cancer genes appearing to be less constrained in organismal evolution.

It is also important to note that our ability to identify germline mutations that contribute to hereditary diseases or hereditary cancer is affected by the frequency with which these mutations segregate within the human population. More frequent disease alleles will be easier to identify than ones that appear at extremely low frequencies. It is, therefore, possible that some alleles that are known to be somatic drivers of cancer and that are not known to contribute to hereditary cancer can in fact be hereditary drivers of cancer as well. However, since these alleles are subject to relatively strong purifying selection when they occur as germline mutations, they may be extremely rare, reducing the likelihood that they would be discovered. These alleles may be identified as somatic cancer variants because, due to the relaxed purifying selection on somatic mutations, they appear at much higher frequencies when they occur somatically. This implies that it may be useful to screen data of hereditary polymorphism among cancer patients for rare instances in which a known somatic cancer mutation appears as a germline mutation. This may allow for the identification of unknown hereditary cancer mutations that can be added to genetic screens. Additionally, given that we show that cancer genes tend to be more functionally central and constrained, it may prove useful to take gene functional centrality and constraint into account when attempting to identify novel somatic cancer genes.

In summary, we show here that cancer genes tend to be both more functionally central and more evolutionarily constrained than genes contributing to non-cancer genetic disorders. We further show that the somatic nature of cancer allows it to modify genes that are more constrained in evolution. This in turn allows cancer to affect the most basic and constrained cellular functions that could not be easily modified in a hereditary manner.

Supplementary Material
======================

[Supplementary figures S1--S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw110/-/DC1) are available at *Genome Biology and Evolution* online (<http://www.gbe.oxfordjournals.org/>).
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